ABSTRACT
Introduction

29
The failure of nonstructural systems, especially hospital building contents and services, represents 30 about 80% of the loss exposure of critical buildings to earthquakes (e.g. [1] ). It is thus essential to 31 include the response of nonstructural components when assessing the seismic risk of hospitals, 32 building contents and services. The essential functions of the hospitals must remain fully 33 operational for at least 72 hours to provide emergency response when an earthquake occurs, 34 because of the increase of patients to be assisted. Consequently, the damage to structural and 35 nonstructural components and the failure of building contents should be prevented in hospitals. 36
Numerous reconnaissance surveys carried out in the aftermath of major world-wide recent 37 earthquakes demonstrated that large financial losses were caused to health care facilities, especially 38 hospital buildings (e.g. [2-9], among others). For example, the common surveyed damage includes 39 the overturning of bookshelves containing medical files with patient details. Hazardous 40 contaminants may also be released when the bookshelves overturn; hence, there is a number of 41 dangerous consequences caused by the lack of seismic protection, e.g. through restrainers and links 42 to the walls. The connections between the surgery lamps and the slab may be severely damaged 43 during a strong motion shaking. The medical lamps of the surgery rooms are heavy cantilever 44 components, which are clamped to the slab. During the combined horizontal and vertical 45 component of the earthquake ground motions such lamps may experience large oscillations, thus 46 imposing large demands on the connections with the slab. The above connections may fail and, in 47 turn, they impair the functionality of the surgery room. 48
There are sound procedures to evaluate the structural seismic performance of several building 49 systems; such procedures are implemented in codes of practice (see, for example, [10] [11] [12] [13] ). 50
However, there is a lack of reliable yet simplified numerical models and adequate seismic analyses 51 to either design or assess the earthquake performance of freestanding medical laboratory 52 nonstructural components. The latter components generally consist of complex sub-assemblages 53 made of either metallic or wooden frames and/or plates. The evaluation of their dynamic response is 54 not straightforward as it exhibits high nonlinearities; it significantly depends on the friction 55 coefficients of the equipment supports. The mechanical properties of the interface contact, between 56 the heavy medical equipment and the laboratory floors, can be experimentally determined by 57 conducting slow-pull tests on the equipment. Simplified idealizations of the interface contact 58 include elasto-plastic models and the classical Coulomb friction, where static and kinetic friction 59 
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In Fig. 2a the plan configuration of the different components in test groups 1000, 2000 and 3000 is 132 shown, whereas a different plan configuration is defined in test groups 4000, 5000 and 6000 (Fig.  133   2b ). The components are arranged in such a way that the equipment is shaken along the two 134 orthogonal directions, given the unidirectional input motion. In test groups 4000, 5000 and 6000 the 135 same content mass configurations of test groups 1000, 2000 and 3000, respectively, are chosen. 136
This work will primarily focus on the results carried out by applying random unidirectional 137 excitations. The random vibration tests are performed before shake table tests at increasing 138 intensity, which are detailed in Cosenza et al. [22] . 139
Random vibration inputs are considered in order to dynamically identify the sample components. 140
They are characterized by a large frequency content over a wide frequency range, so that they are 141 capable of exciting different natural modes of the components. For each test group different randomvibration tests are performed, whose ID, acceleration amplitude and root mean square are reported 143 in Table 2 . 144
The low amplitude shakings can be employed to evaluate the influence of the different parameters 145 on the dynamic properties of the nonstructural components, both in terms of natural frequency and 146 damping ratio. Sine-sweep tests are also carried out; the results of such tests, which reasonably match the outcomes 156 of the random vibration tests, are omitted for the sake of brevity in the present paper. 157
High quality digital accelerometers are used to monitor the response of the hospital building 158 contents. Four triaxial accelerometers are placed for each of the two cabinets; they are located at the 159 base of each cabinet, i.e. at the lowest shelf level, at the top of the cabinet of the front side and at 160 two intermediate heights (Fig. 3) ; one accelerometer is placed at the top of the desk, while one 161 accelerometer measures the acceleration at the shake table level. The accelerometers are positioned 162 close to the sides of the cabinets ( 
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During random vibration tests, sliding between components and floors was not observed. The 170 transfer curve method (e.g. [24, 25] ) is adopted to evaluate the natural frequency of the different 171 components. Block averaging and Hanning windowing techniques (e.g. [26] , among many others) 172 are also adopted. The length of each block, i.e. NFFT, defines the resolution of the transfer curve. 173
Moreover, a 50% block overlap is also utilized. The length of each block is adequately selected to 174 define a fairly regular transfer curve. The method is applied for the sample cabinets and the desk. The transfer curves in Fig. 4 Transfer function [-] Single-window cabinet -tests 1000 -NFFT=1024 
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For the double-window cabinet, the natural frequency is not significantly affected by the mass 216 amount and arrangement. It should be noted that the results related to successive test groups may be 217 affected by the progressive damage of the components during the shakings [22] ; the components are 218 replaced only before test group 4000. The spectrogram diagrams show that negligible variations of 219 the natural frequencies are recorded during the random vibration tests, due to the low intensity 220 input. These experimental results will be used as benchmarks for the calibration of the numerical 221 models of the components, reported in Section 4. 222
Damping evaluation
223
The damping ratio for the first mode of the two cabinets and the desk is experimentally evaluated 224 based on the dynamic identification tests described in Section 2. The damping ratios are evaluated 225 according to two different dynamic identification techniques through the System Identification 226
Toolbox available in Matlab [28]: (a) Transfer Function estimation and (b) Output Error method 227 [29] . The outcomes of the application of these techniques for a single test for the double-window 228 cabinet, the single-window cabinet and the desk is shown in Fig. 7 . The natural frequency and thedamping ratio corresponding to the natural frequency are included in the title for both the 230 considered techniques. 231
It is worth mentioning that the half-power bandwidth method [24] was also employed by the 232
Authors to compute the damping ratios. However, for the sample medical components, the latter 233 method tends to overestimate the damping ratio due to the presence of multiple modes in a narrow 234 frequency range. Indeed, Wang et al. [30] found that the half-power bandwidth method, which can 235 be rigorously applied to single-degree-of-freedom (SDOF) systems, might significantly over-236 estimate the damping ratios of multiple-degree-of-freedom systems. The tested components exhibit 237 a typical dynamic response of MDOF systems. 
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The damping ratio for each test group is evaluated as the mean value of the damping ratios of the 244 different tests. The average damping ratio values for the three considered components are listed in 245 Table 4 . The damping ratio of the desk, which varies between 3.6% and 6.8%, is significantly 246 smaller than the damping ratio of the two tested cabinets, which ranges between 12.1% and 21.6%. 247
The maximum transfer function values, that occur at the natural frequency fn, confirm the above 248 outcome. increase the accuracy of the numerical models. 255
Desk
256
The desk is composed of two tubular steel frames along its longitudinal side connected one another 257 by four steel horizontal elements, a tubular footrest and a plywood top (Fig. 8) . Moreover, a chest of 258 drawers is screwed on the left vertical "columns" of the frames. The plywood top is 120 cm x 170 259 cm x 1.8 cm and it is positioned at the top of the longitudinal frames at 75 cm height. The bay of the 260 longitudinal frames is 100.5 cm wide and the distance between the frames is 55. 
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The stiffness value is calibrated in order to have a good experimental-to-numerical matching. 280
Indeed, in case such a connection is modelled through a fixed restraint, the natural frequency can 281 increase up to 3 times, i.e. from 4.9 Hz to 13.6 Hz. The accurate estimation of the stiffness of tube-282 to-tube connection assumes therefore a key role in the evaluation of the dynamic properties of the 283 desk. 284
The presence of the plywood top is modelled through the addition of four 2 kg masses applied at the 285 top of the desk. The nodes of the longitudinal frame where the desk is screwed are constrained with 286 body constraints. The chest of drawers is modelled with four 2.85 kg masses applied at the 287 connection points between the chest and the longitudinal frame. A body constraint is imposed 288 among these four points. Finally, the steel elements are modeled with a distributed mass and they 289 are characterized by a 210000 N/mm 2 elastic modulus. Modal analyses show a first mode frequency 290 equal to 4.9 Hz and a second mode frequency equal to 22.6 Hz (Fig. 9) . The first mode shape 291 denotes a pure translation in the longitudinal direction of the desk, while the second mode shape 292 evidences a coupled motion in the transversal direction, due to the presence of the chest of drawers. 
294
The FEM results give a fairly good matching with the experimental results (Table 3) , considering 295 that a very close match is outside the scope of the paper. The experimental tests highlight 296 significant variations in terms of natural frequency in case the component is shaken along the two 297 horizontal directions. The comparison is clearly evidenced in Table 5 . 298 The global dimensions of both the investigated cabinets are summarized in Table 6 . 303 The vertical steel elements are characterized by an angular 55 cm x 50 cm "L" section with 0.1 cm 306 thickness, with the 55 mm wide flange parallel to the transversal side of the cabinet. They areconnected by two steel horizontal plates with side stiffeners and bolted connections, at the top of the 308 cabinet and at 17 cm height (Fig. 10) . The steel plates and their stiffeners are characterized by 1 mm 309 thickness, whereas the stiffeners are 3.0 cm high. Three of the four vertical bays are infilled with 1 310 mm thick steel plates, whereas glass windows are installed in the fourth bay. The double-window 311 cabinet is also characterized by a 5 cm x 0.1 cm rectangular vertical steel element that separates the 312 two glass windows. 
Single-window cabinet 315
The vertical steel columns are modelled according to their actual geometry. The presence of the 316 steel horizontal plates is modelled through four horizontal steel elements characterized by a 0.1 cm 317 (width) x 3 cm (height) rectangular cross section both at the top and at 17 cm height of the cabinet. 318
These horizontal elements are characterized by a large out-of-plane stiffness, i.e. large moment of 319 inertia about the vertical axis, to simulate the presence of the steel horizontal plate element. 320 Furthermore, two diaphragm constraints are imposed between the 4 points at the top and the 4 321 points at 17 cm height. The vertical panels are not included in the model, since they are connected 322 so as not to increase the lateral stiffness of the cabinet. The glass window is modelled with a 323 properly meshed shell element, assuming a 80000 N/mm 2 elastic modulus. Hence, the adopted 324 model is able to capture both the global modes in the two horizontal directions, which involve thewhole cabinet, and the local ones, which involve a portion of the cabinet. Rigid elements in the out-326 of-plane direction are included between the steel elements and the glass window in order to model 327 the restraint given by their connection (Fig. 11) , whereas the glass window does not contribute to 328 the in-plane stiffness; indeed, the glass window is connected to the cabinet only along one of the 329 two vertical sides. A rigid element in the out of plane direction is also included to model the lock of 330 the glass window. 331 
333
The single-window cabinet mass is 15 kg, excluding the window mass; for the sake of simplicity, 334 the mass is equally divided between the top and the base of the cabinet. The steel elements are 335 characterized by no mass, whereas the mass is included in the glass window in order to correctly 336 estimate the local vibrational modes of the glass window. Different mass amounts are inserted at the 337 shelf levels, according to the actual mass adopted in the experimental phase for the different test 338 groups. In Fig. 12 the modal shapes of the single-window cabinet for the test group 1000 are 339 depicted. The first and the second vibrational modes are represented in Fig. 12a and in Fig. 12b  340 respectively, whose frequencies are 6.18 Hz and 7.38 Hz. In Fig. 12c a local 
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The FEM results give a fairly good matching with the transfer curve represented in Fig. 4b,  345 considering that a very close match is outside the scope of the paper. The peak represented in the 346 transfer curve, which occurs at 26 Hz, is compatible with the frequency of the local mode in the 347 FEM model. The comparison between the numerical and the experimental natural frequencies for 348 the different test groups is summarized in Table 7 . 349 The numerical and the experimental frequencies of the tested cabinet are close. Considering the low 352 level of accuracy of the model with respect to the complexity of the geometry and the mechanical 353 connections between the elements, the outcomes of the numerical analyses give a good 354 approximation of the experimental ones. It is therefore demonstrated that simple models are able to 355 capture the dynamic properties of the tested cabinet.
Double-window cabinet 357
The modelling approach of the double-window cabinet is very similar to the one provided for the 358 single-window cabinet. However, the dimension and the mass, i.e. 20 kg, are slightly different than 359 the corresponding values in the single-window cabinet. The vertical steel element between the two 360 windows is properly modelled according to its own geometry; such an element is hinged to the 361 cabinet, in order to model the single-bolted connection. The connection between the cabinet and 362 glass window is modelled by rigid elements in the out of plane direction, similarly to the single-363 window cabinet. The rigid elements simulate the actual restraints given to the glass window by a 364 steel connector. The different mass amounts corresponding to the different performed test groups 365 are inserted at the shelf levels. In Fig. 13 the modal shapes of the double-window cabinet for the test 366 group 1000 are shown. The first four natural modes are included: the first two modes involve the 367 whole cabinet, the third one is a local mode that involves the vertical element between the two glass 368 windows and the fourth mode involves the glass windows. 
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The FEM outcomes give a fairly good matching with the transfer curve represented in Fig. 4a . The 372 three peaks represented in the transfer curve, which occur at about 6 Hz, 11 Hz and 25 Hz, 373 respectively, are compatible with the frequencies of the first, third and fourth modes in the FEM 374 model. In particular, the numerical model allows justifying the differences in the transfer curves 375 among the single-and the double-window cabinets. Indeed, the double-window transfer curvedenotes three evident peaks, whereas the single-window one exhibits only two peaks. The 377 comparison between the numerical and the experimental natural frequencies for the different test 378 groups is summarized in Table 8 . 379 Also for the double-window cabinet, the numerical and the experimental frequencies of the tested 382 cabinet are in similar ranges. It can be concluded that simple models are able to simulate reliably 383 the dynamic properties of the cabinets. damping ratio is set equal to the damping ratio assessed through the half-bandwidth method. 391
The numerical transfer curves between the base and the top of the components are compared to the 392 experimental transfer curves (Fig. 14) . A fairly good matching is observed, considering the 393 simplicity of the adopted models. 
396
The transfer function at different levels of the cabinets are employed to assess the experimental 397 mode shapes of the cabinets. Towards this aim, it is assumed that the ratio of the story transfer 398 function magnitudes at the natural frequency is equal to the ratio of the mode shape [24] . The 399 transfer functions are therefore evaluated between the base of the cabinets and the locations where 400 the different accelerometers are positioned (Fig. 3) . The random tests 1004 and 4002 are adopted 401 for the evaluation of the mode shapes in the transversal and longitudinal directions, respectively. 402
The mode shapes are then compared in both the orthogonal directions ( Table 9 ). The modal 403 assurance criterion (MAC) [32] may be utilized to pair mode shapes derived from numerical models 404 and test measurements. The MAC value between a measured mode and an numerical mode is 405 defined as a scalar constant and provides a measure of the least squares deviation or 'scatter' of the 406 points from the straight line correlation. The MAC values for the considered components are close 407 to the unity; in particular, they are equal to 0.968 and 0.962 for the 1 st and 2 nd modes of the single-408 window cabinets included in Table 9 . These results are in agreement with the previous ones; they 409 demonstrate that simple models are able to simulate the dynamic response of the sample 410 nonstructural components. additional reliable yet sound guidelines are still under investigation by the authors. Furthermore, the 440 developed models can be easily used to assess the seismic demand on such components 441 corresponding to a given base input motion; for instance, they can indicate the need to restrain the 442 cabinet at their base. 443
Finally, it is emphasized that the outcomes related to the developed models is limited to 444 freestanding components which do not exhibit any rocking mechanism, i.e. they are rigidly 445 connected at their base to the floor. 446
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